ABSTRACT: If the release of hatchery-reared juveniles exceeds the carrying capacity of the environment, the growth rate of wild fish may decrease or hatchery fish might displace wild fish because of competition for prey and space, or cannibalism. However, limited evidence is available to confirm these ecological effects. Therefore, we used census-marking experiments to investigate the ecological interactions between hatchery and wild fish in the large piscivorous species Japanese Spanish mackerel (JSM) Scomberomorus niphonius in the Seto Inland Sea. We analysed the relationship between the mean body weight and population size of Age 0 JSM, and the relationship between the biomass of juvenile Japanese anchovy Engraulis japonicus, which is the principal prey fish of JSM, and that of Age 0 JSM. We also estimated the spawner−recruit relationship. We measured the body sizes of 5008 JSM juveniles during July and December between 1999 and 2005 in the eastern Seto Inland Sea, and 551 hatchery fish were identified in the sample based on examinations of marked otoliths. There was a negative correlation between the mean body weight and population size of Age 0 fish, which clearly demonstrated the density-dependent growth of Age 0 JSM. The ~35% variation in the biomass of Age 0 JSM was explained by the biomass of prey fish. Hatchery fish tended to be larger than wild fish, and they had better growth performance. Our analysis showed that hatchery fish reduced the growth rate of wild fish and displaced the wild fish in terms of biomass when hatchery fish stocking exceeded the carrying capacity of the environment.
INTRODUCTION
The potential to increase fish populations by means of releasing juveniles may generally depend on intra-and interspecific density-dependent interactions in the community (Peterman 1991) . Surplus carrying capacity is therefore essential for successful fishery stock enhancement by releasing juveniles. The carrying capacity for a given fish population can be affected by prey abundance, space and predator−prey relationships (Salvanes et al. 1992) , and it can be defined as the biomass level that can be supported by the available food resources in the absence of harvesting (Frèchette 1991 , Svåsand et al. 2000 . If the release of juveniles exceeds the carrying capacity, the growth rate of wild fish may decrease or hatchery fish may displace wild fish because of competition for prey and space, or cannibalism (e.g. Walters 1988 , Hilborn 1992 . In such cases, the release of hatchery-reared fish (hereafter hatchery fish) may reduce wild fish production. This issue is therefore one of the most important topics related to fish stock enhancement and sea ranching.
The displacement of wild fish by hatchery fish has been discussed for pink salmon Oncorhynchus gorbuscha (Hilborn & Eggers 2000 , Wertheimer et al. 2004 ) and coho salmon O. kisutch (Sweeting et al. 2003) . Wide-ranging ecological studies of the Atlantic cod Gadus morhua have shown that gobies are the principal prey of juvenile cod and that annual variations in the cod-carrying capacity are largely dependent on this prey group (Salvanes et al. 1992 , Svåsand et al. 2000 . An ecosystem simulation model suggested that recruitment beyond the maximum estimated potential production of 0.5 × 10 6 to 1.3 × 10 6 ind. yr −1 would reduce overall cod production in a fjord because of food shortages and cannibalism (Salvanes et al. 1992 ). An empirical analysis of red sea bream Pagrus major in Kagoshima Bay detected a negative correlation between the catches of hatchery and wild fish, and it was suggested that competition between hatchery and wild fish had caused the displacement of wild fish because of the limited carrying capacity of this semi-enclosed bay (Kitada & Kishino 2006) . However, little evidence is available to confirm the ecological impacts of hatchery fish on wild fish.
To address this issue, we used census-marking experiments to investigate the ecological interactions between hatchery and wild Japanese Spanish mackerel (JSM) Scomberomorus niphonius, which is a large piscivorous fish that is distributed mainly off the western coast of Japan. We tested the hypothesis that hatchery fish displace wild fish by examining the density-dependent growth of the 2 types of fish. We analysed the effect of hatchery releases on wild populations in terms of the growth reduction of wild JSM in the Seto Inland Sea (SIS). After briefly reviewing the JSM catch history, stock enhancement programme and fishery biology in the SIS, we estimated the relationship between the body weight (BW) and population size of Age 0 JSM in the SIS and estimated the change in food supply (prey fish abundance) as an index of the JSM-carrying capacity. We then analysed both the relationship between the biomass of prey fish and Age 0 JSM and the spawner−recruit relationship. Finally, we estimated the effects of the food supply on the growth of hatchery and wild JSM by comparing their growth measurements for 6 mo after release in the eastern SIS (ESIS) during the period from 1999 to 2005. Our analysis highlighted the interaction between hatchery and wild JSM, as we detected a growth reduction in wild fish when stocking exceeded the food supply.
JSM fishery and stock enhancement
JSM is an important fisheries resource, especially in the SIS (Fig. 1) . The JSM fishery mainly involves set nets, drift nets and gill nets, and it targets mature fish in their spawning grounds during spring and immature young fish during autumn. The annual JSM catch from the SIS ranged between 900 and 1700 t from 1953 to 1975, but it increased during the 1980s and peaked at 6255 t in 1986 ( Fig. 2 ; Ministry of Agriculture, Forestry and Fisheries 1955−2012) . The increase in the catch was attributed mainly to improved fishing efficiency when drift nets with a small mesh size were used and to the introduction of an autumn fishing season that targeted young fish (Nagai 2003). However, the annual catch has decreased drastically since 1987, and reached a historical low of 196 t in 1998, probably because of overfishing with small-mesh nets.
The Japan Sea Farming Association, which merged with the Fisheries Research Agency in 2003, sought to increase the depleted commercial JSM catch by initiating a stocking programme in 1998, and fishermen voluntarily refrained from targeting young fish with drift nets in the ESIS during autumn. In 2002, the Fisheries Agency of Japan implemented a stock recovery plan that involved the regulation of fishing for immature young fish during autumn and stocking the entire SIS with hatchery-reared juveniles (Kobayashi 2003) . Two groups of hatchery fish were released with different chemical marks on their otoliths, i.e. juveniles measuring about 40 mm in total length (TL) and juveniles with a TL of about 100 mm. A total of 1 527 000 juvenile JSM were released in the ESIS between 1998 and 2010; the 100 mm release group accounted for 78.4% of the total released. The 40 mm release group has not been stocked since 2004 (Obata et al. 2007 , 2008 , Yamazaki et al. 2007 ; Fisheries Agency of Japan and Fisheries Research Agency [http:// abchan.job.affrc.go.jp/index1.html]). In total, 608 000 JSM juveniles have been released in the western SIS (WSIS) since 2002, with 40 mm TL juveniles comprising 40.7% of the released fish. In the ESIS, the mean contribution (mean ± SD) of the hatchery fish to the total catch between 2006 and 2009, expressed as a percentage of the total number of released fish in the samples examined (n), was estimated to be 23.7 ± 17.2% (n = 4360), 19.0 ± 13.0% (n = 2359), 12.8 ± 9.2% (n = 890), 8.9 ± 5.7% (n = 485) and 6.0 ± 3.6% (n = 402) for fish aged 0 to 4 yr, respectively. However, the mean contribution of hatchery fish was lower in the WSIS than in the ESIS, i.e. 2.6 ± 2.4% (n = 5420), 0.9 ± 0.4% (n = 6351), 2.4 ± 1.5% (n = 1335), 2.6 ± 0.7% (n = 445) and 0.7 ± 1.3% (n = 142) for fish aged 0 to 4 yr, respectively (National Association for the Promotion of Productive Sea 2007−2010). The JSM catches from the ESIS and WSIS were the same after 1998 (Fig. 2) , which suggests that the food supply available for JSM might have differed little between the 2 areas in recent years. The lower impact of stocking on the WSIS might be because fewer fish were released and they were smaller at the time of release (i.e. lower likelihood of lower likelihood of survival). Indeed, the recapture rates were 6.5 ± 0.9% for the 40 mm release group and 16.3 ± 0.8% for the 100 mm . The JSM release programme in the ESIS appeared, thus, to have had a greater impact on the wild population than the releases in the WSIS. Therefore, we compared growth performance of young hatchery and wild JSM in the ESIS as described in 'Materials and methods: Growth of wild and hatchery JSM' below.
Fishery biology of JSM
According to studies on fishery biology (Kishida et al. 1985 , Kishida 1986 , 1989 , Kishida & Aida 1989 , Nagai et al. 1996 , Kono et al. 1997 , Takemori et al. 2005a and early life ecology (Shoji & Tanaka 2001 , Shoji et al. 1997 , 1999a , 2002 , the life history of JSM can be summarized as follows. This species has an estimated life span of > 6 yr and reaches maturity at 2 to 3 yr. In the SIS, JSM spawns mainly in May and June in the waters of Bisanseto, Harimanada and Osaka Bay in the ESIS, and Akinada, Bingo-Geiyoseto and Hiuchinada in the WSIS (Fig. 1) . Newly hatched larvae have a standard length (SL) of ~4 mm and they grow to an SL of 6 mm within 5 d of hatching. They depend on their endogenous nutrition source before they begin to feed on prey organisms. They have a strong piscivorous habit from their first feeding, and the larvae and juveniles feed mainly on the larvae of clupeid fish such as Japanese anchovy Engraulis japonicus. JSM larvae reach the juvenile stage at an SL of ~12 mm within 10 d of hatching; the duration of their larval stage may be the shortest of all fish species. JSM larvae have a rapid growth rate, although their early mortality rate is considered to be very high. reported that JSM juveniles with an SL of 30 mm were voracious feeders, with a high daily food intake (66.1 to 82.6% body mass [dry weight]). Based on the daily intake determined in a laboratory study, the afore-mentioned authors estimated that the release of 100 000 JSM juveniles with an SL of 30 mm might lead to the consumption of 510 000 to 640 000 Japanese anchovy larvae during the first day of release.
The young JSM grow rapidly and recruit to the fishery stock during August/September when they have a fork length (FL) of ~40 cm and a BW of 550 to 700 g. The fish grow to ~50 cm FL and 1 to 1.5 kg BW, before migrating to the Kii Channel and/or Bungo Channel in the southern part of the ESIS and WSIS, respectively, during late autumn and winter. After overwintering, they migrate to the inner part of the SIS to feed and spawn. This annual migration pattern is repeated throughout their life cycle in the SIS. Mark−recapture experiments have shown that juveniles migrate between the ESIS and WSIS, although the migration of adult fish between these areas has not been investigated. Of 592 508 
MATERIALS AND METHODS

Population dynamics of JSM and food supply
In general, fishing effort data are necessary to estimate sizes of fish populations. Published statistics are, however, not available for fishing efforts on JSM, so we analysed public data on the biomass and population sizes of JSM in different age groups, which were estimated using a virtual population analysis (Pope 1972) based on catch history (Fisheries Agency of Japan and Fishery Research Agency [http://abchan.job.affrc.go.jp/ index1.html]). The same information source also mentioned a change in the average BW of newly recruited JSM (Age 0 fish). To infer density-dependent growth, we first examined the relationship between mean BW (w, kg) and population size (N, individuals) of Age 0 fish in the SIS between 1987 and 2010, when the JSM catch decreased markedly, before recovering under the present JSM fisheries management strategy. The parameters used in the linear N = α -βw and curvilinear models N = αw -β (Kleiber 1947 , 1961 , Bohlin et al. 1994 were estimated using linear and non-linear ordinary least-squares methods (OLS; Sokal & Rohlf 1995) , and the goodness of fit was compared using Akaike's information criterion (AIC; Akaike 1974).
We tested the relationship between the biomass of Age 0 JSM (response variable) and prey fish (ex -planatory variables), i.e. Japanese anchovy Engraulis japonicus larvae and Japanese anchovy, between 1987 and 2010. The estimated biomass of Japanese anchovy (including larvae) was reported for each month for fish aged 1 to 10 mo (Fisheries Agency of Japan and Fishery Research Agency [http://abchan. job.affrc.go.jp/index1.html]). Based on 1987 to 2010 data, we estimated the biomass of Japanese anchovy larvae eaten by JSM juveniles between May and July as the total biomass of Japanese anchovy larvae aged 1 to 2 mo. We then calculated the biomass of Japanese anchovy eaten by young JSM by subtracting the biomass of Japanese anchovy larvae (1 to 2 mo old) from the total Japanese anchovy biomass. Simple and multiple regression equations were estimated using the OLS method.
To describe the population dynamics and variation in recruitments, we fitted a Ricker recruitment function R = θ 1 S exp(-θ 2 S) (Ricker 1954 , Hilborn & Walters 1992 to the relationship between the estimated population sizes of spawners S (Age 3 to 5+ fish, including hatchery fish) and recruits R (Age 0 wild fish) from 1987 to 2010 (Fisheries Agency of Japan and Fishery Research Agency [http://abchan. job.affrc.go.jp/index1.html]). We defined spawners as fish aged > 3 yr based on Takemori (2006) , who reported that the age at 100% maturity was 3 yr in surveys from 1987 to 1990 and 2 yr in those conducted from 2000 to 2005.
Juvenile production and mark-recapture JSM juveniles were produced in two 150 kl tanks at Yashima Station (Fig. 1) according to the methods described by Yamazaki & Fujimoto (2003) . The fertilized eggs used for seed production were artificially inseminated using mature fish captured in the ESIS by a fishing boat. The eggs were transferred to the Yashima Station and hatched at 17°C in the hatching tank. During seed production, the larvae were fed with larvae of red sea bream Pagrus major and Japanese flounder Paralichthys olivaceus and with defrosted flakes of Pacific sand eel Ammodytes personatus. JSM larvae were reared until they reached ~40 mm TL, about 3 wk after hatching. After harvesting the intensive seed production tanks, some juveniles were transferred to nursery facilities near the release sites and reared until they reached ~100 mm TL, after 2 wk. The juveniles were reared in net cages (4 × 4 × 3 m) and an earthen pond (75 × 75 × 1.5 m) on the coast at Oda, Kagawa Prefecture. Pacific sand eels were used to feed JSM juveniles in the nursery phase.
The otoliths of all JSM juveniles were marked using alizarin complexone (ALC; Dojindo Laboratories) (Kuwada & Tsukamoto 1987 , Tsukamoto 1988 , Tsuka moto et al. 1989 ) after they hatched and reached 10 mm TL (see Obata et al. 2008 for details), before they were released into the waters of eastern Bi sanseto and north-eastern Harimanada in the ESIS. The JSM juveniles in the 40 mm groups were released in early June, while the 100 mm groups were released from late June to early July. They were captured with set nets, gill nets and long lines in the waters of Harimanada until October and in the Kii Channel from November to January. Samples of Age 0 fish were collected from the major fish landing markets in the ESIS between July and December from 1999 to 2005. Sampling surveys collected every Age 0 JSM landed on selected days at the fish markets visited, and they were used to estimate the total hatchery and wild JSM landings (Kitada et al. 1992) . Therefore, no fish were collected if no Age 0 JSM were landed on a selected sampling day. We bought the landed Age 0 JSM and measured the BW and FL of the hatchery and wild fish. We then dissected the fish and removed their otoliths (sagitta) at Yashima Station. The released fish were identified by the ALC marks on their otoliths under a fluorescence microscope.
Growth of wild and hatchery JSM
The morphometric relationships between FL and BW were analysed for hatchery and wild fish using the log-transformed allometric growth equation, lnFL = lna + b lnBW. The parameters (lna and b) used in the equations were estimated with the OLS method. Analysis of covariance (ANCOVA) was performed to detect differences in the allometric growth coefficients (b) and/or intercepts (lna) of hatchery and wild fish based on the mean FL and BW. We evaluated differences in the mean BW of hatchery and wild fish for each month in each year using Welch's t-test.
We estimated the growth increments of hatchery and wild fish between July and December for each year from 1999 to 2005 and tested the differences as follows. If the growth increments for a year are D H and D W for hatchery and wild fish, respectively, the null hypothesis is H 0 : D H = D W and the alternative hypothesis is H 1 :
, where x 1H is the average weight of the hatchery fish in July and x 2H is that in December. The variance is given by . For the null hypothesis, the test statistic follows a t distribution with the following degrees of freedom: df = n 1H + n 2H + n 1W + n 2W -4. Finally, we tested the linear relationship between the biomass of Age 0 JSM and the growth increments of hatchery and wild fish. All analyses were performed using R language (R Development Core Team 2011).
RESULTS
After the maximum in 1988, the population size of JSM was negatively correlated with the mean weight of Age 0 fish (Fig. 3) , which demonstrated that growth depended on the population size. The mean weight increased until 1995 as the population size decreased, whereas it decreased after 1996 until it reached its minimum in 2002. The linear and curvilinear models were fitted as N = 6042.19 − 4.503w (AIC = 388.94) and N = 2.090 × 10 11 w −2.760 (AIC = 378.79), respectively. The AIC values clearly showed that the curvilinear model explained the relationship better (Fig. 3) . The estimate of the exponent (β) with the standard error was highly significant at 2.760 ± 0.325 (t = −8.490, p = 2.17 × 10 8 ).
The fluctuations in the biomass of Age 0 JSM appeared to be linked to the biomass of prey fish (Fig. 4) . A similar goodness of fit was observed for the regression equations when Japanese anchovy larvae (R 2 = 0.348, p = 0.0024, AIC= 385.30) and Japanese anchovy larvae + Japanese anchovy (R 2 = 0.366, p = 0.0083, AIC= 386.65) were used as ex planatory variables. The regression coefficients for Japanese anchovy larvae were very similar for both regression models, at 0.0554 ± 0.0162 (t = 3.443, p = 0.0024) and 0.0542 ± 0.0164 (t = 3.308, p = 0.0034), although the regression coefficient for Japanese anchovy was not significant in the multiple regression model and θ 2 = 0.0005 ± 0.0002, p = 0.0093) described the spawner−recruit relationship well (Fig. 5) . The population sizes of spawners and recruits decreased continuously after 1987 and reached their minimum in 1998. Considering the increased fishing intensity as described in 'Introduction: JSM fishery and stock enhancement', overfishing appears to be the major cause of the decline in recruitment and the JSM catch. The population of spawners remained small even after 1998, although the number of recruits increased after 1999, with some variations.
During our study period (1999 to 2005), recruitment remained low in 1999 and 2000, whereas it was high in 2002.
We measured the FL and BW of 5008 Age 0 fish, of which 551 (11.0%) were identified as hatchery fish and 4457 (89.0%) as wild fish (Table 1) . The hatchery and wild fish grew rapidly and exhibited a similar growth pattern, although the mean BW of hatchery fish tended to be slightly higher than that of wild fish (Fig. 6) ues of BW (FL) in July (1999 to 2005) were 107.3 ± 39.6 g (219.0 ± 21.6 mm) and 106.6 ± 55.1 g (218.7 ± 32.8 mm) for hatchery and wild fish, respectively, while those in December (1999 to 2005) were 1383.7 ± 188.8 g (545.9 ± 23.5 mm) and 1300.0 ± 236.8 g (536.4 ± 27.8 mm), respectively. BW was strongly correlated with FL (Fig. 6) , and BW reflected density-dependent growth, as shown in Fig. 3 , so in the following we have focused on the BW analysis. Hatchery fish were significantly larger than wild fish in 2000, 2002, 2003 and 2005 , whereas there were no differences in 1999, 2001, or 2004 (Fig. 7) . The test statistics are summarized in Table 2 . The BW variation was greater in the wild fish. The growth increments of hatchery and wild fish between July and December varied between years, with a mean ± SD of 1276 ± 181.8 g and 1193 ± 203.7 g, respectively (Table 3 ). The differences in growth increments ranged from −63 to + 250 g, and the increment was higher in hatchery fish in 5 of the 7 years. We calculated p-values from the test sta tistics (t-values) and degrees of freedom. We found that the growth increments (i.e. growth rate) of hatchery fish were higher than those of wild fish in the years 2001 and 2005 (p < 0.01; Table 3), and the growth increments became smaller with a greater biomass of Age 0 JSM (Fig. 8) . 6  173  125  58  35  34  24  39  20  5  0  8  2001  40  231  219  177  209  67  5  5  4  1  6  2  2002  185  394  260  532  176  76  11  23  10  21  9  1  2003  1  49  5  103  118  103  52  46  25  42  61  29  2004  1  15  6  15  18  14  4  7  2  1  1  1  2005  22  71  73  470  110  74  3  14  0  46  7  7   Table 1 . Scomberomorus niphonius. Growth measurement data (means ± SD) for hatchery and wild Japanese Spanish mackerel (Age 0 fish) in the eastern Seto Inland Sea Table 1) By contrast, there were no differences in the growth increments (i.e. growth rates) of hatchery and wild fish in 1999 and 2000 when the JSM biomass was small (in other words, the food supply per individual JSM was relatively abundant) ( Table 3 ). The regression coefficients and intercepts were estimated to be −1.3073 ± 0.5605 (t = −2.332, p = 0.1019) and 2423.16 ± 494.87 (t = 4.896, p = 0.0163), respectively, for hatchery fish and to be −1.4684 ± 0.5083 (t = −2.889, p = 0.0631) and 2434.10 ± 448.84 (t = 5.423, p = 0.0123), respectively, for wild fish, based on data that excluded 1999 and 2000. The regression lines showed that the growth increment became smaller the higher the biomass of Age 0 fish (R 2 = 0.6446 for hatchery and 0.7356 for wild fish) (Fig. 8) .
DISCUSSION
We identified hatchery JSM Scomberomorus nipho nius using the ALC marks on their otoliths, and we compared their growth with that of wild JSM. ALC has a low marking cost and high mark retention (Svåsand et al. 2000) so it is often used to mark the otoliths of salmonids (Tsukamoto 1988 ) and marine fish, including red sea bream Pagrus major (Tsukamoto et al. 1989) , Atlantic cod Gadus morhua (Blom et al. 1994) , red drum Sciaenops ocellatus (Thomas et al. 1995) and turbot Scophthalmus maximus (Iglesias & Rodriguez-Ojea 1997) . In the present study, the mark retention time was not confirmed experimentally, although released JSM with ALCmarked otoliths were detected among Age 2 to 3 fish, and the ratios of released fish in the samples of Age 2 fish were similar to those in Age 0 to 1 fish in our subsequent fish market surveys (authors' unpubl. data). Therefore, the retention time should be sufficient for the unbiased detection of released fish within a year of release (6 mo).
Wild fish had the same growth performance as hatchery fish when the food supply was relatively abundant (in 1999 and 2000) , whereas hatchery fish competed with wild fish for food and performed better when the food supply was limited (2001 to 2005) Table 1 ). Asterisks indicate significant differences between hatchery and wild fish (p < 0.05) (Figs. 5 & 8) . The food supply per capita depended on variations in the recruitment of JSM and prey fish (Fig. 4) . The small BW of Age 0 wild fish in 2002 (Table 3 , Fig. 7) showed that the food supply available to JSM in the ESIS may have been particularly limited in 2002. The low per capita food supply may have been caused by the increased recruitment of JSM (Fig. 5) , because the biomass of Japanese anchovy Engraulis japonicus larvae was not necessarily low in 2002 (Fig. 4) . Indeed, the growth increment was the lowest for hatchery and wild FSM in 2002 (Table 3, Fig. 8 ), which reflected the low per capita food supply. The higher growth performance of hatchery fish in 2001 to 2005 suggests that releases exceeded the food supply and that hatchery and wild fish competed for food. Our analysis showed that hatchery fish reduced the growth rate of wild fish and displaced them in terms of biomass when stocking exceeded the food supply. The regression coefficients for growth increments versus the biomass of Age 0 fish (Fig. 8) showed that wild fish tended to exhibit a higher rate of growth increment reduction compared with hatchery fish, although this trend was not significant (wild: t = −2.332, p = 0.1019; hatchery: t = −2.889, p = 0.0631), which reflected the variation in the growth increments within a small sample size (5 yr). This suggested that the competition be tween hatchery and wild fish might be greater with a larger biomass, and that wild fish were slightly weaker than hatchery fish during densitydependent competition. We had insufficient data to determine the occurrence of cannibalism, so it was unclear whether hatchery fish actually displaced the wild fish via cannibalism. This is an area for further research.
The parent fish used for artificial fertilization were caught in the ESIS each year. We did not check for ALC marks on their otoliths, but the probability of using hatchery fish as parents should have been low given the mean contribution (= 14.1%, calculated using the values given in 'Introduction: JSM fishery and stock enhancement') of hatchery fish to the total catch in the ESIS between 2006 and 2009. The juveniles were captive-reared for 3 wk (40 mm TL) and 5 wk (100 mm TL) after hatching and were exposed to natural selection after release. Thus, there might be no effect of domestication selection (e.g. Ford 2002) on the growth of hatchery fish. The released juveniles were reared from eggs that were artificially inseminated in early and late May, which was before the main JSM spawning season in the SIS (Sugino et al. 2005 ). According to Shoji & Tanaka (2006) and Shoji et al. (1999b Shoji et al. ( , 2002 Table 3 . Scomberomorus niphonius. Increments in body weights of hatchery and wild Japanese Spanish mackerel between July and December, and test statistics for comparisons of the differences in the growth increments of hatchery and wild fish. Bold type indicates significant differences (p < 0.05) after hatching during the early juvenile stage and it is dependent on the abundance of prey fish larvae. In Hiuchinada in the SIS, the abundance of JSM larvae peaks in late May to early June. Therefore, the body size of hatchery fish should have been larger than that of wild fish when they were released into the natural habitat from early June (40 mm TL) to early July (100 mm TL). This appears to be the most likely cause of the higher growth performance of hatchery fish. The negative correlation between the mean weight and population size of Age 0 fish (Fig. 3) showed clearly that the growth of Age 0 JSM in the SIS was dependent on the population size of Age 0 fish. The curvilinear model fit the relationship better, with an estimated exponent (β) of 2.760. The parameter β describes a 'self-thinning process'. If a population is resource limited, the number of individuals per unit of area that can be supported is expected to be inversely related to the average body weight (Bohlin et al. 1994 ). This process is well known in plant populations but less well established in mobile animals (Bohlin et al. 1994) . The exponent β explains the relative food supply of an individual. A large β value refers to a limited food supply, and the population size rapidly decreases against the increase in average body weight. A β value of 0.75 (=3/4) has been suggested because the unit of the 3/4 power of body weight (kg 3/4 ) is a suitable unit of metabolic body size ('Kleiber's rule '; Kleiber 1947 Kleiber , 1961 . A review by Peters (1983) confirmed that this might be a useful approximation for homeotherms at least (Bohlin et al. 1994) . Several estimates of β have been made based on empirical studies of salmonid species, i.e. 1.33 for juvenile anadromous brown trout Salmo trutta (Armstrong 1997), 0.74 for juvenile steelhead trout Oncorhynchus mykiss (Keeley 2001 (Keeley , 2003 , 0.939 for anadromous brown trout, 0.889 for resident brown trout and 1.067 for Atlantic salmon Salmo salar (Bohlin et al. 1994) . In the present study, the β value of 2.760 was much higher than the values for juvenile salmonid fish. In previous studies, however, the β values were estimated from samples that contained the same cohorts, so they explained the self-thinning process of a cohort. By contrast, our β value was estimated using different cohorts over a 24 yr period (1987 to 2010). Therefore, this value does not describe the self-thinning process of a cohort, but it does explain the density-dependent growth of Age 0 JSM with a variable food supply each year. The value of 2.760 might be related to the highly piscivorous habits and rapid growth of JSM under a limited food supply.
An assumption of the JSM stock recovery plan in the ESIS was that stocking juveniles would effectively boost fishery production because of the high contribution rates of hatchery fish to the total catch and increased catch. However, our analysis showed that the abundance of JSM decreased due to overfishing of the spawners and that the catch recovery after 1999 may, rather, have been attributable to the increased abundance of prey fish. The large variation in the biomass of newly recruited JSM probably depended on variation in the abundance of prey fish, which feed on zooplankton. The food supply may also be affected by forces such as solar radiation, temperature, freshwater runoff and deep-water convection (Salvanes et al. 1992) . Changes in these environmental conditions may have affected the abundance of prey fish, but the reason for the low prey fish abundance until the mid-or late 1990s (Fig. 4) is unknown. The JSM catches increased in the ESIS after the JSM stocking programme began (Fig. 2) . Similarly, the JSM catch started to recover from 1999 on in the WSIS where no juveniles had been released and there was a significant positive correlation between the catches in the ESIS and WSIS (R 2 = 0.741, p = 6.80 × 10 ESIS, where there have been fewer releases since 2002 (Fig. 2) . Thus, the trend in the JSM catch from the ESIS agrees well with that from the WSIS, suggesting that the dynamics of the JSM population after the initiation of the release programme were dependent largely on the dynamics of the prey fish populations, whereas they were not linked to the release of juveniles. This top predator species will naturally affect the SIS ecosystem via its role in food webs. Our analysis of JSM could be generalized to other strongly piscivorous fish, such as the Pacific bluefin tuna Thunnus orientalis, which has been targeted for stock enhancement (Masuma et al. 2008) , and hatchery releases of T. orientalis are planned for the near future by the Fishery Research Agency. The release of highly piscivorous fish such as JSM and T. orientalis should be considered very carefully to assess their potential impact on the ecosystem, including wild target populations. 
